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A COMPARISON AT HIGH SPEED OF THZ AERODYNAMIC MERITS
OF MODELS OF MEDIUM BOMBERS HAVING THICKENED
WING ROOTS AND HAVING WINGS WITH NACELLES

By Eugene C. Draley
STUMMARY

Models of medium-bomber designs of the Army Air
Forces, Materiel Command, were tested in the NACA
8-foot high-speed tunnel to investigate the relative
characteristics of° thickened wing roots with propeller~
shaft fairings and wings with nacelles. The effect of
nacelle vertical location was also investigated.

Incremental drag coefficients due to thickened wfng
roots and due to propeller-shaft fairings are presented
through a Mach number range up to 0.70 at a lift coef-
ficient of 0.10. Pressure measuremesNls at each wing-
fuselage juncture tested at Mach numbers up to about
0.60 are also presented for a lift coefficient of 0.10.

Increasing the thickness ratio of a wing-fuselage
juncture from 16.9 percsnt to 22.2 percent caused an
ineremsnt in airplane drag coefficient of 0,0005 at a
Mach number of 0.60 and caused a reductfon in critical
speed-. With a wing-fuselage section thickened the same
amount but with the thickness ratio held the same by the
use of fillets extending the wing chord, this drag incre-
ment was reduced about 50 percent and large increases
in critical speed were obtained, Large nacelle drags
and low critical speeds were measured. with nacelles in
a low position with respect to the wing. The designs
with thickened wing roots and propeller-shaft fairings
had important improvements fn both drag and critical
speed as compared with the designs including the more
conventional engine-nacelle installation. With improper
air inlets, however, the probable gain may be nullified.



, INTRODUCTION

In the design of multiengine airplanes, large
savings in nacelle drags ars indicated if engines of the
same horsepower can be completely submerged in the wing
or fuselage and the propellers can be driven through a
drive-shaft arrangsment with a small fairing around the
propeller shaft. The design with the engines in the
fuselage would, however, entail mechanical and arrange-
ment difficulties, A compromise design would be one
in which the engines are completely submsrged in tho
wing roots, In very large airplanes, this type of
Installation may bo possible without thickening the wing
roots but, fn medium-size airrlanes, thickening of the
wing roots would be required to vermit a satisfactory
engine installation, This problem becomes one of
determining the merits of thickened wing roots and
propeller-shaft fairings as compared with a conventional
nacelle installation,

Discussion of this problem %y representatives of
the Amy Air Forces and the National Advisory Committee
for Aeronautics 1sd to a request by the Army Air Forces
for tests of models Incorporating features that would
permit comparison of thickened wing roots with propeller-
shaft fairings and wings with nacslles. These models
were accordingly constructed and tested in the NACA
8-foot high-spesd tunnel at the Langley Memorial
Aeronautical Laboratory, This report presents an
analysis of the most important results obtained In the
investigation requested by the Army Air Forces,

Measursments of forces were made at speeds corre-
sponding to Mach numbers as high as 0,70. Measurements
of wfng-fuselage juncture pressures were made at Mach
numbers up to about 0.50.

APPARATUS AND WETHODS

The tests were conducted in the NACA 8-foot high-
sneed tunnel. This tunnel 1s a single-return, closed-
throat type with a circular cross section. The re-
sidval air-stream turbulence is very low but fs somewhat
greater than that of free air.
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The models were proportioned to correspond to a
%—scale model of a medium-size, two-engine bomber design,

The wing tips were not reproduced and all the model con-
figurations were so mounted that the wings completely

spanned the test section (figs, 1 to 4); the wings passed
through cut-outs in the tunnel walls to the balance ring.

Four wings were tested, Zach wing is designated
by the numerals of the HACA airfoil section at or near
the wing root. The symmetrical 0017-34 wing and the
cambered 450-217 wing were basic wings representing
designs in which the wing roots were of the usual thick-
ness ratlos. The symmetrical 0024-34 wing and the
cambered 450-117 wing were modifications of the
0017-34 wing and the 450-217 wing, respectively, in which
the wing roots were thickened INn order to permit
submerged-engine installations at the wing roots. (See
rigs, 110 4.) It should be noted that, because of the
sharp thickness-ratio taper of the 0024-34 wing, the

hickness ratio of this wing at the fuselage juncture
wes Q.222.

The 0017-34 wing had an NACA 0017-34 root section
(at the wing center line) and tapered to an NACA 0013.1-34
profile at the tunnel walls.  This wing had 1.7° wash-

out.  (See fig. 1.) The ordinates for three sections
of this wfng are presented in table I.

The 0024-%4 'wing was identical with the 0017-34 wing
outboard of a station 19.143 iInches from the wing center
line. Inboard of this station, the absolute thickness
was increased linearly with the result that the wing root
was an NACA 0024-34 airfoil section. The plan form and
washout were unchanged. (See fig. 1 and table I.)

The 450-217 wing had an NACA 450-217 root section
and an NACA 450-(0,3)(13.1) section at the tunnel wall;
this wing therefore had the same spanwise thickness-ratio
variation and the same plan form as the 0017-34 wing.

The 450-217 wing had no geometrical washout but the
camber variation was so adjusted that the lift at each
section would correspond to the values for the 0017-34
wing at the high-speed attitude, (See figs, 2 to 4 and
table II.)

The root section of the 450-217 wing was thickened
to give the 450-117 wing, which had the same absolute



thickness variation as the 0024-34 wing. The chord near
the fuselage of the 450-117 wing, however, was increased
by filleting to reduce the thickness ratio to 17 percent.
(See fig. 1 and table TI.) This increase in chord also
required a reduction of the camber for the increased-
chord sections to retain the same spanwise 1lift loading
at the high-speed attitude as for the other wings.

In order to simulate fuselage interference effects,
all configurations included the fuselage shown in fig-
ures 1 to 4. The fuselage was provided with a set of
removable blocks to accommodete ir a midwing position
each of' the four wings. These blocks were arranged to
set the angle of incidernce with respect to the fuselage
reference lire at 2° for the symmetrical wings and at 0°
for the cambered wings. The horizontal tail surfaces
were omitted because these components have no significant
effect? on the problem under investigation,

The propeller-shaft fairings, representing a covering
for the propeller shafts in the submerged-engine designs,
were bodies of revolution with the axis located
19.143 inches from the wing center line. (See figs. 1
and 3.) The angle of incidence of the propeller-shaft
fairings was 0° with respect to the fuselage reference
line In all test configurations.

The nacelles representing the conventional engine-
nacelle installations were elliptical in cross section

and were 1.47 times the wing chord in length. (See
figs. 2 and 4.) Actually only one nacelle shape was
investigated but two sets of nacelles were tested. The

first set was tested in a midwing position; the nacelle
center line was coincideny with the wfng chord, The
second set of nacelles was tested in a low position so
arranged that the upper profile of the nacelles faired
into the wing upper surface at the point of maximum
thickness « This vertical displacement located the
nacelle center line about 10 percent of ths wing chord
below the wing chord line,

The propeller-shaft fairings were tested on the
0017-34, the 0024~34 (thickened 0017-34), and the
450-117 (filleted 450-217) wings. The nacelles were
tested on only the 450-217 wing. All test configura-
tions arel represented in figures 3 and 4. In order to
evaluate the characteristics of the nacelles and propeller-
shaft fairings, tests of all the wing-fuselage combinations



represented were made with and without the nacelles and
propeller-shaft fairings, ©No tests were made with the
propellers on the modkl. and no provisions for engine-

cooling-air flow were made for any of the models tested.

Force measurements were made through a range of
Mach number as high as 0.70 at angles of attack covering
1ift coefficients greater "‘can and less than 0,10.
Pressure-distribution measurements for the wing-fuselage
juncture are presented for a similar range of angle of
attack for Mach numbers as high as approximately 0.60.
Pressure measurerments at the wing-nacelle junctures were
not made.

Transition was fixed on all the test canfigurations
by a %—inch strip of carborunduam grains shellacked to

the surface of the models (figs. 3 and 4). Transition
was fixed at 10 percent of the chord on both the upper
and the lower surfaces OF all wings and on the fuselage
at a station 10 percent of the Ffuselage length behind the
nose., M the nacelles and propeller~shaft fairings, the
carborundum strip was located at the plane of the pro-
pellers.

RESTULTS

A11 the data presented herein arc in nondimensional
form based on free-stream dynamic pressure

1

qQ = §QV2
where
Y mass censity of air, slugs per cubic foot
v free-stream velocity, feet per second
The incremental drag coefficients and 1ift coefficients
are hased on a wing area of 12.25 square feet. All the
data have been cross-plotted to obtain data at a constant
lift coefficient of 0.10, The angle of attack a is

measured from the fuselage reference line.



Hone of the results herein presented have been cor-
rected for tunnel-wall effects or buoyancy effects.
Because of the smallness of the models, however, neither
of these corrections to drag or pressures is large for
the complete models; these corrections will be insigni-
ficant for the propeller-shaft falrings, nacelles, and-
thickened wing roots und therefore will not affect con-
parisons of these components.

Torce Tests

In order to evaluate the effect on drag of' thickening
the 0017-34 wing, the differences between the drag coef-
ficlents for the wing-fiselage configuration with the
0017-34 wing and with the 0024-34 wing were obtained.
These differences are plotted in figure 5 as incremental
drag coefficient ACp against Mach number M at a 1ift

coefficient ¢Cy, of 0.10. Similarly, the effect of

thickening and filleting was ovtained from the difference
between the wing-fuselage configuration with the 450~217
wing and with the 450-117 winge. Also included in fig-
ure 5 are the incremental drag coefficients due to the
propeller-shaft fairings tested on configpurations shown
in figure 3. These increments were obtained ag the dif-
ferences in drag coefficients with and without the
propeller-shaft fairirngs for each of the three configura-
tions involving the 0017-34 wing, the ©024-34 wing, and
the 450-117 wing. The incremsntal drag cosfficients thus
obtained were so nearly identical For each of the three
configurations that they are rep:esented by one curve.
The incremental drag coefficients for the nacelles on
the 450-217 wing were also obtained from the differences
in drag coefficients of the test configurations with and
without the nacelles.

In evaluating the drag of a submerged-engine Instal-
lation, both the drag of the propeller-shaft fairings
and the drag of the thickened wing root should be included.
The incremental drag coefficients due to the thickened
wing root of the 0017-324 wing (fiz. 5) were therefore
added to the incremental drag coefficients of the propeller-
shaft fairings. The results are plotted in figure 6 and
are shown in table ITII. The drag caefficlents chargeable
to a submerged~engine installation with a filleted wing
root were similarly obtafned by adding the incremental
drag coefficients of the thickened and filleted wing
root of the 450-~217 wing to the incremental drag



coefficients of the propeller-shaft fairings and are pre-
sented in figure 6. Also included for comparison are
the Incremental arag coefficients of the midnacelles and
low nacelles.

In order to illustrate the effect on lift of nacelle
vertical location, figure 7 presents 1ift coefficient
plotted against angle of attack at a Mach number of 0.50
for the 450-217 Wirllgeand fuselage alone, with the mid-
nacelles, and with low nacelles.

Pressure-Distribution Tests
The results of tle pressure measurements at; the wing-

fuselage junctures of all the configurations are presented
in figure 8 In terms of nressure coefficient P, where

P = Local static pressure -—¥ree-stream static pressure
- - PFree-stream dynamic presgure

Figures 8{a) to 8(c) are representative of the wing-
fuselage configurations with the propeller-shaft fairings
because NO measurable changes in the pressures over the
wing-fuselage juncture we.,e noted when the propeller-
shaft fairings were added.

The peak pressare coefficients for each of the con-
figurations represented In figure 8 are plotted against
Mach number in figure 9. Lach of these variations is
extrapolated to the eritical pressure coefficient Pgp,
which 1S the pressure coefficient corresponding to the
local speed of sound. In making these extrapolations,
the general trend of the pressure-coefficlent variation
with Mach number given by Temple and Yarwood (refer-
ence 1) and a few isolated test points were used as a
guide, The Intersection of the peak pressure coeffi-
cient with the Peyp-line is therefore the critical speed
of the configuratinn, (See table ITIT.)

DISCTSSION

Effect of Thickening and Filleting

Tncreasing the thickness ratio of the 0017-34 wing
root from 17 percent to 24 percent led to an incremental



drag coefficlent of 0,0005 at a Mach number of 0,60
(fig. 5). Only the root section of the 0024-34 wing
wag 24-percent thick and the exposed section at the
wing-fuselage juncture was considerably less; the incre-
ment 1IN drag therefore represents a charge in thickness
ratio at the wing-fuselage juncture from 16.9 percent to
22.2 percent.

With further insreases in Mach number, the rather
sharp increases in drag coefficient are undoubtedly due
to the early onset of serious compressibility effects
for the thickened wing. The critical Mach number was
reduced from 0.71 to 0.70 (fig. 9). This change in
critical speed is rather small for a change in thickness
ratio from 16.9 percent to 22.2 percent. The spanwise
thickness-ratio taper is unusually sharP, however, with
the result that significant departures from an ideal
two-dimensional flow over these sections nust undoubt-
edly have occurred.

Such relatively small increases in drag at sub-
critical speeds and reductions in critical speed which
must be associated with the extreme thickness~-ratio
taper appear to Iindicate that, in such designs, the wing
root may be thickened with considerably smaller detri-
mental effects than would at first be estimated on the
basis of two-dimensional assumptions. At increased
lift coefficients and *fach numbers, however, the drag
may be considerably increased- because of more serious
compressibility effects leading to separation on the
thickened portion of the wing, Tt has been shown that
recent MACA low-drag airfolls with thickness ratios
much greater than 18 percent may be susceptible to
increases in drag due to separation (reference 2).
Although the favorable effect; of small spanwise flow that
may be associated with? the high local thickness-ratio
taper is indicated, careful consideration and further
investigation would be required hefore this effect
could be fully realized in a particular design.

With the same amount of thickening but with the wing-
fuselage sections kept 17-percent thick by use of fillets,
the drag increment for the 450-217 wing-fuselage section
with fillets is 0.0002, which 2s about one-half the value
for the thickened 0017-34 wing (fig. 5). The filleting
was not so extensive as It should have been, The
thickening was started at the propellerrshaft-fairing
station and Increased inboard (fig. 1). The filleting,



however, was not extended outboard to the propeller-shaft
fairings. The result was that sections immediately
outboard of the fillets were 19-percent thick. These
thicker sections probably lead to somewhat greater dra%
increments than would result if the filleting were suc
that a continuously decreasing thickness-ratio taper was
maintained (Mach numbers above 0.60, fig. 5).

The critical speed of the filleted wing-fuselage
juncture was the highest of the test configurations, with
a critical Mach number of 0.72. This value represents
an increase in critical Mach number from 0,71 to 0.73
due to the effect of the fillets, even though tire
450-217 wing and the 450-117 wing had the same thickness
ratio. This increase in critical speed is largely due
to the reduction in root section lift coefficient for the
same over-all lift coefficients permitted by the addi-
tional wing area of the fillets.

Nacelles and Propeller-Shaft Pairings

Although the drag increment of the propeller-shaft
fairings is only about 20 percent of the drag increment
of the midnacelles at a Mach number of 0.60, even greater
differences are indicated at higher speeds as the drag
of the midnacelles is further increased by compressi-
bility effects. Tt should be noted, however, that at
a Mach number of 0,60 the drag coefficient, based on
frontal area, of the midnacelles is 0,0262 as compared
with 0,0375 for the propeller-shaft fairings. The drag
coefficient of the midnacelles thus IS of the same order
as that for the propeller-shaft fairings. The differ-
ence in drag force at subcritical speeds is almost
entirely due to the difference in size of the two bodies.

In addition to the smaller drag of the propeller-
shaft fairings resulting from the smaller size as com-
pared with the midnacelles, the propeller-shaft fairings
led to no changes in the critical speed of the wing-
fuselage junctures; whereas the midnacelles led to a
reduction of approximately 0.03 in critical Mach number,
(See fige. 9.) This difference corresponds to 21 miles
per hour at an altitude of 25,000 feet.

A further reduction in the over-all critical speed
of the configuration can 'be expected from the nacelle
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interference. An indication of this effect is shown in
figure 5 in which, for the midnacelles, an appreciable
increase of the drag coefficient is evident at Mach
numbers less than the critical value for the wing-fuselage
juncture.

When the same nacelle was tested fn the low posi-
tion, the nacelle drag was about doubled at low speeds
and increased even more at high speeds (fig. 5). Unpub-
lished data from several tests of different nacelles in
a low position have shown that, in this location, the
nacelles cause important increases Iin the average local,
velocities over the lower surface of the wing-nacelle
junctures. Such increases in local velocities lead to
increased pressure-recovery gradients, which cause sepa-
ration. With increases in. speed, the separation Is
further aggravated by compressibility effects (see
reference 3) and therefore can account for the rise in
the drag coefficient with Mach number,

A further important effect; of the low nacelles is
the large loss in 1ift caused by the increased lower-
surface velocities, At the same angle of attack, large
reducttons in lift coefficient are noted for the con-
figuration including the nacelles In the low position
(fig. 7). This change requires an increase in angle
of attack of about 1° to maintain the same lift coeffi-
cient, which is the basis of comparison used In the
present investigation. Such a change leads to an
irregular spanwise lift loading that requires more lift
to be carried on the wing root and tip sections. Com-
parisons of the pressure distributions at the wing-
fuselage juncture for the 450-217 wing and fuselage and
for the 450-217 wing with fuselage and low nacelles
indicate that, for the same over-all wing lift coeffi-
cient, the wing-fuselage juncture appears to be carrying
a greater lift load, particularly near the leading edge,
with the low-nacelle configuratfon (figs, 8(c) and 8(f)).

Such effects will lead not only to increases in
wing drag but also to a reduction in critical speed.
The critical Mach number of the wing-fuselage juncture
for the configuration with the low nacelles is 0.66 as
compared with 0.71 for the wing-fuselage combination
alone and 0.68 for the wing with fuselage and midnacelles.
The nacelles in the low position therefore lead to a
reduction in critical speed of 35 miles per hour at
25,000 feet. When compared with the reduction in
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critical speed of 21 miles per hour for the midnacelles,
this value of critical speed indicates that a reductfon
in critical smeed of 14 miles per hour is chargeable
only to the location of the nacelle.

Comparison of Submerged Engines and

Engine-Nacells Combinations

The submerged-engine configurations generally have
consfderably lower drag and higher critical speeds than
the conventional angine-nacelle arrangements (fig.6 and
table 111). Although the configuration of the 0017-34
wing with fuselage and propeller-shaft fairings has the
lowest incremental drag coefficients due to an engine
installation, ACp = 0.0003, such a design may prove

impracticable for medium~size airplanes because the
engines would have to be in the fuselage and would in-
volve mechanical and arrangement complications .« The
configuration that has both low drag and the highest
critical speed of the combinations tested is the
450~117 wing (filleted 450-217) with propeller-shaft
fairings. The incremental drag coefficient chargeable
10 the submerged-engine installation is only 0.0005 for
this configuration and furthsr reductions by mors €X-
tensive Tilleting are indicated. The wing-fuselage
critical Mach number of this combination, moreover, is
0.73 as compared wWith 0.71 for the 0017-34 wing configu-
ration. The configuration of the 0024-34 wfng with
fuselage and propeller-shaft fairings has a somewhat

greater incremental drag coefficient due to the submerged-

engine installation of 0.0008 and a considerably lower

critical speed (critical Mach number My, = 0.70) than
the filleted configuration.

The incremental drag of the configuration of the
450-217 wing with fuselage and. midnacelles is lower
than the incremental drag of the configurations with the
low nacelles. The incremental drag coefficisnt charge-
able to the engine installation for this configuration
is 0.0015 (fig. 6), which is three times the value for
the submerged-engine configuration with filleting
(table ITII).  The critical Mach number is only 0.68
as compared With 3.73 for the filleted configuration.
Thfs difference represents a difference in speed of
35 miles per hour at 25,000 feet.
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The configuration having the greatest drag anc the
Towest critical speed consists of ths [50-217 wing with
fuselage and low nacelles. The incremental drag coef-
ficient chargeabis to the engine installation (at a Machk
number of O.KO) for this contiguration iz abdouuv thres
times the valve for the same configuratfon with mid-
nacelles. The critical Mash number for ths configuration
with low nacelles is further reduced to 0.066.

The results of this investigation relate solely to
the external flow over the wings and bodfes. Although
it is indicated that wing roots thickened to house
engine installations show advantage, the possible galn
could be nullified by improper air-inlet installations.
A considerable amount of research may be necessary to
develop proper inlets in the swept-back portion of the

wing leading edge in order to realize the probable
advantage indicated.

CONCLUS IoNS

The results of the high-speed tests of' models of
medium bombers have indicated the following ccnclusions:

1. Increasing the thickness ratio of a wing-
fuselage juncture from 16.9 percent to 22.2 percent lad
to an increment 'in airplane drag coefficient of 0.0005
at a Mach number of 0,60 and a reductfon in the critical
Mach number from 0.71 to 0.70.

2. Thickening a wing-fuselage juncture but main-
taining the same thickness ratio by increasing the chord
in the form of fillets caused an increment In airplane
drag coefficient of 0,0002 and led to an increase in
critical Mach number for the wing-fuselage juncture of
from 0.71 to 0.73.

3, Large increases in nacelle drag and reductions
Incritical speed were measured when the nacelle was
'in a low position with respect to the wing.

4. The submerged-engine designs had lower drag and
higher critical speeds than the conventional engine-
nacelle designs tested. The best engine-nacelle design
caused an fncrement in airplane drag coefficient,
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chargeable to the engine-nacelle installation, that was
about three times the corresponding value for the best
practicable submerged-engine desigrn. At the Same time,
the critical Mach number of the wing-fuselage juncture
of the enﬁine—nacelle confignration was 0.68 as com-
pared withh the corresponding value of 0.73 for the
submerged-enpine design. With improper air inlets,
however, the probable Gains indicated may be nullified.

Langley Memorial Aeronaut,ical ILaboratory,
National Advisory Committee tOr neronsutics,
Langley Mield, Va.
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TABLE III.~- COMPARISONS OF INCREMENTAL DRAG COEFFICIENTS

AND WING~FUSELAGE CRITICAL SPEwDS OF

TYPES OF ENGINE INSTALI.ATION

Type of engine Test 4p Wing-fuselags
installation |configuration [@t M = 0.60jcritical Mach
(1) numb3r
En fuselage 0017-34 wing 0,0003 0.71
wfth long with fuse~
drive shaft lage and
or with en- propeller=-
gine Sub- shaft fair -
merged in ings
wing of large
airplane with-
out thfcken-
ing of wing
Submerged in  {Thickened .0008 »70
thickened 0017=-24 wing
wing root (0024-34
wing) with
fuselage and
propeller-
shaft fairings
Submerged in {Filleted . 0005 73
thfckened and | 450-217 wing
filleted wing| (450-117 wing)
root with fuselage
and propeller-
shaft fairings
Conventional 450-217 wfng .0015 «68
m idwing with fuse-
engine-nacelley lage and mid-
installation nacelles
Conventional 450-217 wing .0045 +66
low-wing with fuse-
engine-~-nacellel lage and low
installation | nacelles

lyaluves are incremental drag coefficients for all corn-
ponents given INn test-configuration column except

fuselage and

original wfng,
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